appropriate, design and conduct studies that will ultimately confirm or refute the association.
Maternal obesity prior to pregnancy is one potentially modifiable factor for which there is evidence of an association with birth defect risk. 6 Women with a body mass index (BMI) greater than 30 kg/ m 2 are at increased risk of having an infant with a birth defect, and there is evidence that risk increases with increasing obesity class. 7 Reducing BMI prior to pregnancy may reduce the risk of obesityrelated birth defects. However, the use of specific weight loss strategies around the time of conception (eg, restricted food intake, weight loss products) may also be associated with an increased risk of birth defects. 8, 9 Consequently, it is important to understand the potential impact of different weight loss strategies on the risk of birth defects.
Bariatric surgery is being used with increasing frequency as a method to treat obesity in individuals with BMI ≥40 kg/m 2 or with BMI ≥35 kg/m 2 and co-morbid conditions such as Type II diabetes. 10, 11 Estimates from the American Society for Metabolic and
Bariatric Surgery indicate that the number of bariatric procedures performed annually in the United States increased by 37% from 2011 through 2016, with 1.1 million procedures performed during this period. 11 As approximately half of bariatric surgery procedures are performed among reproductive-aged women, 12 the outcome of pregnancies following bariatric surgery is of growing concern. 13, 14 Weight loss following bariatric surgery is associated with improved control of Type II diabetes and hypertension, 15 which, in addition to obesity, are known risk factors for a range of adverse reproductive outcomes, including birth defects. 16, 17 In addition, bariatric surgery appears to have weight-independent benefits, as remission of Type II diabetes can occur almost immediately following bariatric surgery, before any significant weight loss. 18 Further, in reproductive-age women, bariatric surgery is associated with increased fertility 19 and improved pregnancy outcomes, including reduced rates of gestational diabetes, pregnancy-induced hypertension, preeclampsia, and macrosomia. [20] [21] [22] [23] Bariatric surgery could also be associated with reduced risk of birth defects, due to reductions in BMI, improvements in co-morbid conditions (eg, diabetes) or both.
However, there is also evidence that the risk of birth defects may be increased in pregnancies that occur following bariatric surgery. [24] [25] [26] There are several types of bariatric surgeries that may be differentially associated with the risk for birth defects. Historically, bariatric procedures have been classified as restrictive, malabsorptive or combination (ie, restrictive and malabsorptive). Restrictive procedures, such as gastric banding and sleeve gastrectomy, limit the size of the gastric pouch. With such procedures, digestion and absorption are normal, and weight loss results from reduced food intake.
Malabsorptive procedures, such as the biliopancreatic diversion, bypass the duodenum and jejunum, and weight loss results from decreased absorption. Combination procedures, such as the Roux-en-Y gastric bypass, limit both intake and absorption. However, these categories may not adequately capture differences in the weightindependent effects of bariatric surgery. Although the mechanisms underlying the weight-independent effects of bariatric surgery are not well understood, there is evidence that these effects vary across procedures. For example, remission of Type II diabetes is more common with biliopancreatic diversion than with other types of bariatric surgery. 18 Hence, any of these procedures could increase the risk of birth defects as a result of a general reduction in nutrient availability. However, risk could also be influenced by specific micronutrient deficiencies and weight-independent effects, which may vary by surgery type. [18] [19] [20] An increase in the risk of birth defects in the offspring of women who conceive after bariatric surgery was initially suggested by case series: Savel et al. reported a series of 57 infants conceived following jejunoileal bypass, of which 4 (7%) had a major birth defect (2 hydrocephalus; 1 tracheo-oesophageal fistula; 1 congenital heart defect)
and Haddow et al. described three infants with neural tube defects conceived following gastric bypass surgery. 24, 25 However, subsequent cohort and case-control studies have provided inconsistent evidence for an association between bariatric surgery and birth defects. Further, although some of this literature has been included in broad systematic reviews of pregnancy outcomes following bariatric surgery, these reviews have not provided the details (eg, number of cases, estimates of association) needed for a comprehensive evaluation of the evidence for an association between bariatric surgery and birth defects. [20] [21] [22] 27 Given that the number of bariatric procedures performed annually in the United States and other countries is on the rise 11, 22, 28 and that reproductive-aged women are the largest group of bariatric surgery patients, 12 it is important to understand whether bariatric surgery is associated with the risk of birth defects in subsequent pregnancies. Hence, there is a need for a comprehensive review of the literature on the association between birth defects and bariatric surgery.
| ME THODS
To identify published studies of the association between birth defects and bariatric surgery, we conducted systematic searches of Ovid MEDLINE and PubMed, covering 1946 through April 13, 2017. We used keywords for pregnancy outcomes (eg, pregnancy complications), birth defects (eg, congenital abnormalities) and neural tube defects (eg, anencephaly). In addition, we used keywords for bariatric surgery, including specific surgical procedures (eg, gastric bypass, Roux-en-Y, biliopancreatic diversion). The search was limited to articles published in English. Appendix S1
(supporting information) includes the complete Ovid MEDLINE search strategy.
Two authors independently screened the title and abstract of each identified article. These authors then reviewed the full text of each potentially relevant article identified by at least one of the screeners. We excluded review articles, case reports, case series and commentaries. We also excluded articles that focused on specific subsets of women (eg, women who developed gestational diabetes).
Following the full-text reviews, all authors met to review and resolve discrepancies in the conclusions to include or exclude an article in the systematic review. To identify additional potentially relevant articles, we reviewed the references cited in each included article and used Scopus to identify articles that cited the included articles.
We reviewed articles identified through these searches as described above. which is an established risk factor for birth defects as well as both an indication for, and target of bariatric surgery. 6 We assessed study quality for each included article using a modified Newcastle-Ottawa Quality Assessment Scale for the evaluation of nonrandomized studies (Appendix S2, supporting information). 29 Two authors scored each article and resolved discrepancies through discussion. Newcastle-Ottawa scores were based only on the information contained in the article, and we did not use information from related publications to obtain supplemental details.
| RE SULTS
After removing duplicates, the Ovid MEDLINE and PubMed searches identified 469 unique records. Our review of titles and abstracts identified 118 articles for full-text review. We identified 13
articles for inclusion through full-text review, and after checking the references and citing literature for these articles, we included two additional articles. Hence, 15 articles were included in the systematic review. Figure 1 summarizes the article selection process. One article 30 evaluated only neural tube defects (NTDs). The remaining articles evaluated an outcome of any birth defect, which was defined differently in the individual studies. The studies that considered any birth defect generally did not specify the specific defects (eg, spina bifida, cleft lip) that were observed.
The included articles described six population-based cohorts, [31] [32] [33] [34] [35] [36] eight hospital or clinic-based cohorts, 30, [37] [38] [39] [40] [41] [42] [43] and one nested case-control study. 44 Two sets of studies likely overlapped:
(1) Sheiner et al. 31 and Weintraub et al. 32 and (2) Josefsson et al. 44 and Johansson et al.; 34 however, results from both studies in each set were included in our review because they used different comparison groups. Sheiner et al. 31 compared pregnancy outcomes for women who had bariatric surgery to women who did not have surgery, and Weintraub et al. 32 compared pregnancy outcomes to women prior to and after bariatric surgery. Josefsson et al. 44 conducted a population-based nested case-control study comparing history of maternal bariatric surgery in infants with and without birth defects and statistically adjusted for early pregnancy BMI, whereas Johansson et al. 34 compared women with and without a history of bariatric surgery with matching for the pre-surgery BMI of women who had bariatric surgery to the early pregnancy BMI of women without bariatric surgery.
F I G U R E 1 Flow diagram of data search and article selection
Newcastle-Ottawa scores for included studies ranged from 4 to 7 out of 8 for the cohort studies. The single case-control study received a score of 8 (out of 9). Six studies had scores in the lower range (4 or 5). The authors of these studies did not adequately describe how birth defect outcomes were ascertained, 31,40,41 relied on maternal report of birth defects, 30, 37, 38 and/or did not consider potential confounders. 30, 31, 37, 38, 40 Three studies had scores in the higher range (7 or 8). The authors of these studies used registrybased or hospital-based sources to identify birth defects (although little to no detail was provided regarding case confirmation procedures) and accounted for potential confounders in their study design or analyses. 34, 36, 44 There was considerable variability across studies in the reported frequency of birth defects, likely due to differences in ascertainment and inclusion criteria. For example, Abenhaim et al used hospital discharge data, did not describe birth defect inclusion criteria, and reported less than one per cent of exposed and unexposed infants as having a birth defect. 35 In contrast, Parent et al defined birth defects as any malformation diagnosis on the birth certificate or delivery discharge diagnoses (International Classification of Diseases codes 740-756, excluding chromosomal abnormalities) and reported 22% and 16% of infants were affected in the exposed and unexposed groups, respectively. 36 Moreover, the majority of studies lacked details regarding the definition and ascertainment of birth defects, such as the specific pregnancy outcomes (eg, livebirths, foetal deaths, terminations) that were included in the study, the time frame for ascertainment of birth defects (eg, at birth, through age 1 year), specific exclusion criterion (eg, syndromes) and verification procedures (eg, clinical review).
There were also differences across studies in the specific exposures (ie, types of bariatric surgeries) that were evaluated. In several studies, the exposure was "any bariatric surgery," whereas in other studies exposure was limited to a single type of procedure (eg, gastric bypass, biliopancreatic diversion). Studies that considered any bariatric surgery as the exposure either did not provide information on the specific surgeries or did not stratify results by surgery type.
The studies also differed with respect to the comparison groups that were employed. In some studies, pregnancy outcomes that occurred after bariatric surgery were compared to those that occurred prior to surgery, while in other studies the comparison group was pregnancy outcomes among women who had not had bariatric surgery. Among the latter studies, some used comparisons groups representing the general population, some restricted to normal weight women, and others restricted to obese women.
Of the fifteen studies that met our inclusion criteria, estimates of association could not be calculated for six studies. These studies were all small (24-110 post-surgical pregnancies) and either reported no birth defects in at least one group (five studies 30, [39] [40] [41] [42] or stated that there was no increased risk without providing the relevant numbers (1 study 37 ). The remaining nine studies were all larger (167-9587 post-surgical pregnancies) and association estimates ranged from 0.6 to 1.9 (all 95% confidence intervals included 1.0). As these nine studies differed with respect to several factors, including the exposure definition, characteristics of the comparison groups and consideration of maternal BMI, we further summarized these studies by the bariatric procedures included in the exposure definition (Table 1) and by the study design and statistical approaches used to control for maternal BMI (Table 2) .
| Bariatric procedures
Five studies evaluated the association between any bariatric surgery procedure and any birth defect. 31, 32, 35, 36, 44 In these five studies, estimates of association ranged from 0.7 to 1.9, with four of the five studies reporting estimates greater than 1.0 (range: 1.1-1.9) (Table 1) .
However, the two largest studies (Josefsson et al and Abenhaim et al) provided little to no evidence for an association between bariatric surgery and birth defects (range: 0.7-1.1). 35, 44 Eight studies evaluated the association between gastric bypass procedures and either (1) NTDs 30 or (2) any birth defect. 33, 34, 37, 39, 40, 42, 43 The majority of these studies evaluated only or predominantly Roux-en-Y gastric bypass procedures. Estimates of association were not provided and could not be calculated for five studies. 30, 37, 39, 40, 42 Four of these five studies included fewer than 50 exposed women and reported either no birth defects in the exposed group 39, 40, 42 or stated that no increased risk was observed in the exposed group but did not provide the number (if any) of observed birth defects. 37 The fifth study considered only NTDs and reported two affected infants born after surgery, as compared to no affected infants born before gastric bypass (1.8% vs 0.0%). 30 Among studies that reported estimates of association or provided data from which estimates could be calculated, the association estimates ranged from 0.6 to 1.4. 33, 34, 43 Two studies evaluated specific types of bariatric surgery other than Roux-en-Y gastric bypass. Lapolla et al evaluated the association between laparoscopic adjustable gastric band and birth defects. Their study included only 83 exposed women, and no birth defects were observed. 41 Marceau et al evaluated the association between biliopancreatic diversion and birth defects. They reported an elevated estimate of maternal reported birth defects among postsurgical women compared to the pre-surgical pregnancies of women who underwent BPD (uOR 1.6). 
| Control for maternal BMI
Of the 15 studies included in this review, eight provided a clear description of their comparison group(s) and either estimates of association or the data required to calculate such estimates (Table 2 ).
In three of these eight studies, there was no attempt to control for maternal BMI. 31, 32, 38 Specifically, the comparison groups were not matched for BMI and association estimates were not adjusted for BMI. In addition, one study compared exposed women to women with normal BMI. 33 The association estimates reported in these studies ranged from 1.3 to 1.9. [31] [32] [33] 38 Three studies that either matched on or adjusted for prepreg- The Newcastle-Ottawa Scale (NOS) score is out of a possible 8 for all studies except Josefsson, which is out of a possible 9 because it is a case-control study.
b
Years during which the bariatric procedures were performed, if specified in the article.
c If counts were not provided, they were calculated from provided percentage.
d Effect estimates were not calculated when 0 birth defects were reported in one or more groups. When specific birth defect counts were not specified in the article, a summary of the authors' comments regarding the frequency of birth defects is provided. Finally, two studies compared post-surgical women to obese women. One study included women with BMI greater than 40 at delivery as the comparison group 35 and the other matched prepregnancy BMI among unexposed women to the pre-surgery BMI of exposed women. 34 The association estimates reported in these studies ranged from 0.6 to 0.7.
34,35

| CON CLUS IONS
Over the past 20 years, the use of bariatric surgery to treat morbid obesity has increased rapidly. An estimated 216 000 bariatric procedures were performed in the United States in 2016, a 37% increase since 2011. 11 Approximately half of these procedures were performed on women of reproductive age. 12 Weight loss following bariatric surgery is associated with improvement in and, in some cases, remission of obesity-related co-morbidities, including Type II diabetes and hypertension. 15 In addition, compared to obese women who have not had bariatric surgery, women who conceive following bariatric surgery have decreased rates of pregnancy complications, including gestational diabetes, pregnancy-induced hypertension, preeclampsia and macrosomia. [19] [20] [21] [22] [23] Since prepregnancy obesity, as well as diabetes and hypertension, are risk factors for several birth defects, post-surgical BMI reduction and control of co-morbid conditions are mechanisms through which bariatric surgery might reduce the risk for birth defects.
Despite the known benefits of bariatric surgery in reproductive- This can be attributed to the relatively small number of studies that were identified (N = 15), of which effect estimates could be obtained for only 9; differences in study design and analytic approach; and heterogeneity across studies for both exposure and outcome definitions. These limitations do not appear to be specific to studies of birth defects, as others have noted similar limitations for the literature on bariatric surgery and pregnancy outcomes in general. 13, 22 Although the studies included in our review were all designed to assess pregnancy outcomes following bariatric surgery, they differed in the specific comparison groups that were used and the approaches used to account for maternal BMI, which is a known birth defect risk factor and both an indication for and target of bariatric surgery.
There was also wide variability in the number and types of additional covariates (eg, diabetes, hypertension) that were accounted for in estimates of association. While these differences precluded direct comparisons across studies, contrasts across studies categorized by the comparison group and approach used to address BMI provided some, limited, evidence that bariatric surgery may be associated with the risk of birth defects via its impact on BMI. Specifically, studies that compared women who had undergone bariatric surgery to obese women were suggestive of reduced risk of birth defects in the postsurgical women (aORs 0.6-0.7). 34, 35 Studies that matched or adjusted for prepregnancy BMI were close to the null (range: 1.1-1.2) 33, 36, 44 and studies that compared post-surgical women to the general population or to women with normal BMI reported elevated association estimates (range: 1.3-1.9). [31] [32] [33] 38 This pattern is consistent with the observation that BMI tends to decrease following bariatric surgery, but remains in the overweight to obese range. 49 Our findings must, however, be viewed with caution, given sev- There were also several limitations related to the outcome of birth defects. All but one study included a broad range of birth defects, which may have obscured associations with specific malformations (eg, neural tube defects). Further, there were differences across studies in the criteria used to define birth defects. The latter is highlighted by the large range in the frequencies of birth defects across the studies (from <1% to 22%). Studies with high frequencies of defects likely included minor defects and suspected cases, some of which might not ultimately be confirmed. In general, studies provided little to no information on the pregnancy outcomes (eg, livebirths, foetal deaths, terminations) that were considered, the period over which birth defects were ascertained (eg, at birth, through the first year of life), specific exclusion criteria (eg, chromosome abnormalities, genetic syndromes) and verification of reported conditions (eg, clinical review).
In summary, our systematic review found insufficient evidence to draw conclusions regarding the association between bariatric surgery and the risk for birth defects in subsequent pregnancies. There is weak evidence, based on two studies, that bariatric surgery may be associated with a decreased risk of birth defects when comparing post-surgical women to morbidly obese women without surgery. If true, this association would appear to be mediated through post-surgical reductions in maternal BMI. However, definitive conclusions regarding the association of bariatric surgery and birth defects will require further evidence.
Optimally, future studies should focus on individual bariatric procedures, reflect current surgical practices, assess maternal nutrient intake and status as well as co-morbidities through questionnaires and biological measures, and carefully consider the relationships between bariatric surgery, BMI, birth defect-related co-morbidities (ie, diabetes and hypertension) and birth defects.
Future studies should also identify birth defects using established data sources (eg, birth defects registries, medical records), confirm cases via clinical review, report the specific defects observed, and consider individual birth defects to the extent possible, though some grouping may be necessary due to the low prevalence of most individual birth defects. Given that approximately 10% of US reproductive-aged women have a BMI≥40 kg/m 2 and reproductive-aged women comprise approximately half of the patients undergoing bariatric procedures, 12, 50 it is important that we undertake additional studies of bariatric surgery and birth defects so that we can more fully understand the spectrum of reproductive risks and benefits associated with these procedures. 
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